Abstract: High-quality vertically aligned carbon nanotubes (VACNTs) were synthesised using ferrocene-chicken oil mixture utilising a thermal chemical vapour deposition (TCVD) method. Reaction parameters including vaporisation temperature, catalyst concentration and synthesis time were examined for the first time to investigate their influence on the growth of VACNTs. Analysis via field emission scanning electron microscopy and micro-Raman spectroscopy revealed that the growth rate, diameter and crystallinity of VACNTs depend on the varied synthesis parameters. Vaporisation temperature of 570°C, catalyst concentration of 5.33 wt% and synthesis time of 60 min were considered as optimum parameters for the production of VACNTs from waste chicken fat. These parameters are able to produce VACNTs with small diameters in the range of 15-30 nm and good quality (I D /I G ~ 0.39 and purity ~76%) which were comparable to those synthesised using conventional carbon precursor. The low turn on and threshold fields of VACNTs synthesised using optimum parameters indicated that the VACNTs synthesised using waste chicken fat are good candidate for field electron emitter. The result of this study therefore can be used to optimise the growth and production of VACNTs from waste chicken fat in a large scale for field emission application.
PUBLIC INTEREST STATEMENT
Chicken fat is a free waste material that can be obtained from the wet market and slaughterhouse. In this project, the waste chicken fat was used to produce an exceptional material called carbon nanotube. The selection of waste chicken fat as starting material is due to its high carbon content and zero cost. The effort of utilising the waste chicken fat has reduced the production cost of carbon nanotubes and also reduced the environmental impact of the improper disposal of waste chicken fat. This article studies the effect of important parameters including temperature, catalyst and time towards the production of carbon nanotubes. The results of this study demonstrate that the production of carbon nanotubes from waste chicken fat can potentially be controlled by selection of synthesis parameters.
The utilisation of waste material as a carbon precursor for the production of VACNTs catches researchers' attention due to economical and environmental concern. The use of waste materials as carbon precursor helps to reduce the amount of waste generated and convert it into more useful and high-value product i.e. CNTs. Suriani, Md. Nor and Rusop (2010) demonstrated that waste cooking palm oil can be utilised as the carbon precursor to synthesise the VACNTs with the aid of ferrocene as catalyst. Although waste cooking palm oil shows high potential as carbon precursor, but in terms of supply chains, the waste cooking palm oil is only available from household kitchen and local restaurants (Chakraborty, Gupta, & Chowdhury, 2014) . The limitation in supply chain is in contrast to waste chicken fats that have more centralised supply chain as they are in abundance at slaughterhouses and poultry farms. With high carbon content, low C:H ratio, low cost, environmental impact Suriani et al., 2013; Suriani, Dalila, Mohamed, Isa et al., 2015) and good supply chain, the use of waste chicken fats as a source of carbon for the production of VACNTs should be explored. Therefore, extensive and continuous efforts are greatly needed particularly to produce VACNTs from waste chicken fats.
To the best of our knowledge, this is the first report on entire parametric study of the synthesis parameters affecting the growth of VACNTs from waste chicken fats using TCVD and ferrocene catalyst. These parameters include the vaporisation temperature, catalyst concentration and growth duration. Samples collected after reaction are characterised using field emission scanning electron microscopy (FESEM), energy dispersive X-ray (EDX), micro-Raman spectroscopy, thermogravimetric analyser (TGA), high-resolution transmission electron microscopy (HRTEM) and field electron emission (FEE). The results indicate that the growth of VACNTs from waste chicken fat can potentially be controlled by the selection of synthesis parameters.
Materials and methods
The optimisation of the oil extracted from waste chicken fats that initially carried out shows that the mixture of chopped fats and skins heated in an oven for 30 min was a practical preparation of chicken oil as carbon precursor (Nor Dalila, 2016) . This method was simple, economical, did not involve much work and proven in producing small diameter and high-quality VACNTs (Nor Dalila, 2016) . Ferrocene was mixed directly with the extracted oil at the range of 1.33-10.33 wt% and stirred thoroughly for 30 minutes. The dual stage TCVD furnace used in this study consists of 10 cm heating element in each stage and capable of heating the furnace up to 1,100°C with temperature stability of ±1°C. About 6 ml of the mixture was then introduced into the vaporisation furnace of a TCVD system and synthesis was carried out at 800°C (Dalila, Suriani, Rosmi, Azmina, et al., 2014; Shamsudin, Suriani, Abdullah, Yahya, & Rusop, 2013) . The TGA analysis of the chicken oil shows that the oil fully decomposed at 470°C. With the presence of ferrocene as catalyst in the ferrocene-chicken oil mixture, this temperature would decrease. Therefore, the range of vaporisation temperature in this study covers the lower and upper range of the chicken oil's vaporisation temperature i.e. 370-770°C. The synthesis time was varied from 30 to 90 min with the increment of 10 min. The effects of short synthesis time were also studied where the synthesis time is decreased down to 5 min. Other synthesis process was similar to that previously reported Suriani et al., 2013; Suriani, Azira, Nik, Md. Nor, & Rusop, 2009; Suriani, Dalila, Mohamed, Soga, & Tanemura, 2015) . The product deposited on silicon substrates was collected and analysed by FESEM (Hitachi SU8020), EDX (Hitachi SU8020), micro-Raman spectroscopy (Renishaw InVia microRaman System) and TGA (Perkin-Elmer Pyris 1). HRTEM (JOEL JEM 2100F) was employed to study the internal structures of selected samples of VACNTs. The FEE measurements were performed at 3 x 10 −5 Pa in a diode configuration with the area of the electron emission of 0.1 cm 2 and the separation between electrodes was 100 μm (Suriani, Dalila, et al., 2016; Suriani, Safitri, et al., 2016) .
Results and discussions

Effect of vaporisation temperature
In order to study the effect of vaporisation temperature on the growth of VACNTs, the synthesis temperature was kept constant at 800°C and the synthesis time was set to 60 min. The catalyst concentration was fixed to 5.33 wt% throughout the experiment. The FESEM images of carbon structures synthesised at low precursor vaporisation temperature range of 370-420°C were shown in Figure 1 . It was observed in Figure 1 (a) that no CNT was formed. Instead, the substrate was covered with flakelike carbonaceous structures. When the vaporisation temperature increased to 420°C (Figure 1(b) ), it can be seen that the substrate was covered with small amount of CNTs and the carbon nanospheres with the diameters of 19.8-37.7 and 115.0 nm, respectively. The poor-quality carbon structures synthesised using the low temperature range of 370-420°C were resulting from the insufficient heat supplied in order to completely vaporise the precursor-catalyst mixture in the vaporisation furnace. This is supported by the TGA result where only 1.0 and 6.8% of the chicken oil were vaporised when the oil heated at 370 and 420°C, respectively. Partial amount of the catalystcarbon precursor mixture was vaporised resulting in low carbon concentration to take part in the growth process. Therefore, only low quality in small quantity carbon products was produced.
Although the TGA analysis of chicken oil shows that the oil fully decomposed at 470°C, the increase in vaporisation temperature from 100 to 570°C was found to produce even better quality VACNTs. Then, the temperature of 570°C was reduced to 520°C in order to investigate whether this lower temperature is able to produce the same quality of VACNTs as produced at the temperature of 570°C. The FESEM images of VACNTs synthesised with vaporisation temperature of 470-570°C are shown in Figure 1 (c)-(h). As vaporisation temperature increased from 470 to 570°C, it was found that the length and hence the growth rate of the VACNTs increased. The average growth rate of 470, 520 and 570°C sample was 0.72, 0.79 and 1.09 μm min −1 , respectively. Meanwhile, the diameter of the VACNTs was found to be smaller and nearly uniform as the vaporisation increased from 470 to 570°C. Smallest and nearly uniform diameters of 18.1-31.2 nm were observed in the sample synthesised with vaporisation temperature of 570°C. This sample also has cleanest nanotubes array as compared to other VACNTs samples, where less carbonaceous structure formed alongside the CNTs. A uniform orientation and nanotubes distribution were also observed in this sample which led to better laterally aligned CNTs than other samples.
The FESEM images of the CNTs synthesised with vaporisation temperature of 670 and 770°C are shown in Figure 1 (i)-(l). VACNTs with shorter length were observed as compared to the VACNTs synthesised with vaporisation temperature of 570°C. The alignment of the CNTs was observed to be poor in both samples and considered as quasi-aligned. This was due to the short length of the CNTs that restricted the tubes to attain dense proximity and intermingle (Morjan et al., 2004) . As the vaporisation temperature applied increased to 670 and 770°C, the growth rate was found to be reduced to 0.13 and 0.11 μm min −1 , respectively. Meanwhile, the diameter of the CNTs became larger (23.8-41.5 and 29.5-75.1 nm for 660 and 770°C sample, respectively). The reduction in the growth rate and larger diameter were due to the excessive energy supplied to the precursor during vaporisation process. This has increased the rate of hydrocarbon particles transported to the silicon substrates. High-concentration hydrocarbon including hydrocarbon radicals would deposit on the surface of the catalyst. The carbon particles encapsulate the catalyst causing reduction in catalytic activity and quicker deactivation and finally termination of the growth of CNTs (Lee, Kim, & Lee, 2010; Yamada et al., 2008) .
The micro-Raman spectra for the CNTs synthesised at different vaporisation temperatures are shown in Figure 2 . Three prominent peaks D, G and G′ that appeared in the range of 1,344.7-1,370.6, 1,576.1-1,581.9 and 2,697.8-2,709.4 cm −1 , respectively, were observed in all samples. The D peak corresponds to the defects that are associated with the vacancies and the presence of other carbonaceous impurities, while the G and 2D peaks represent the splitting of the E 2g stretching mode for the graphite and overtone of the D band, respectively (Zobir et al., 2012) . A small shift of D, G and G′ peaks as well as variation in intensities and FWHM shown in Table 1 indicate different crystallinity of the CNTs produced. A clear trend was observed in Table 1 in term of the I D /I G ratio. As vaporisation increased from 370 to 570°C, the I D /I G ratio was found to be decreased with following value: 0.73, 0.66, 0.60, 0.52 and 0.39 for the sample of 370, 420, 470, 520 and 570°C, respectively. This trend indicates the improvement of crystallinity of CNTs as the vaporisation temperature increases up to 570°C. However, above 570°C, the I D /I G ratio increased to 0.54 and 0.67 for the sample of 670 and 770°C, respectively. These results were in agreement with the G′ peak's width where narrowest width was observed from the sample synthesised using vaporisation temperature of 570°C. The samples with vaporisation temperature below 570°C as well as beyond this temperature were found to have larger G′ width, which indicates higher defects of the CNTs produces. The low crystallinity CNTs produced at low vaporisation temperature was due to insufficient energy supplied which led to low concentration of carbon particles vaporised and took part in the formation of CNTs. Meanwhile, the excessive energy at high vaporisation temperature produces abundant hydrocarbon particles on the surface of catalyst. These carbon particles encapsulate the catalyst causing reduction in catalytic activity which in turn produces higher disorder structure in CNTs.
The curve fit of the G′ peaks of all samples was done using Lorentzian distribution. The G′ peak deconvoluted into two peaks of 2D 1 and 2D 2 that appear around 2,669.7-2,703.9 and 2,694.5-2,729.2 cm −1 , respectively (Table 2 ). Since G′ peak is sensitive to 3-D graphene-stacking layer (Ferrari et al., 2006) , the ratio of intensity I 2D1 /I 2D2 as well as the difference (2D 2 -2D 1 ) in the deconvulated peaks indicates the quality of stacked graphene layers. The I 2D1 /I 2D2 ratio calculated gave lower values of 0.10-0.24 for the VACNTs synthesised at vaporisation temperature of 520-770°C, which indicates that wellaligned 3D graphene stacking layer was formed at high vaporisation temperature range. Although the sample synthesised at vaporisation temperature of 370°C also has low I 2D1 /I 2D2 ratio, the difference between the 2D 2 -2D 1 wave number is very small (only 4 cm ). This finding supports the FESEM image of the flake-like carbonaceous carbon structure synthesis at vaporisation temperature of 370°C. (Continued)
The effect of catalyst concentration
In order to study the effect of catalyst concentration on the growth of VACNTs, the synthesis and vaporisation temperatures were kept constant at 800 and 570°C, respectively, while the synthesis time was set to 60 min. The FESEM image in Figure 3 (a) shows that no VACNT was formed when only 1.33 wt% catalyst was used. Instead, a small yield of CNTs with diameter of 21.2-70.7 nm was produced (Figure 3(b) ). The growth of VACNTs at very low ferrocene concentration was not possible due to low yield of nanotubes produced. When the concentration of the catalyst increases to 3.33 wt%, VACNTs with the length of 19.5 μm were produced, giving the growth rate of 0.33 μm min −1 (Figure 3(c)-(d) ). The growth rate was then increased to 0.41 μm min −1 when 4.33 wt% catalyst was used (Figure 3(e)-(f) ). VACNTs with length of 65.5 μm were produced giving the maximum growth rate of 1.09 μm min −1 as the catalyst concentration increased to 5.33 wt% (Figure 3 (g)-(h)). Apart from the increment of VACNTs' growth rate, the diameters of the CNTs were found to be smaller and more uniform as the concentration of catalyst increased from 1.33 to 5.33 wt%. Largest diameters were recorded in 1.33 wt% sample with diameters of 30.2-70.7 nm, while the samples of 4.33 and 5.33 wt% have nearly uniform diameters as shown in Figure 3 (f) and (h), respectively. The amount of impurities produced was also found to be reduced where cleanest nanotubes array was observed in the sample of 5.33 wt%. The changes in growth rate, diameter and amount of impurities at low range of catalyst concentration (1.33-3.33 wt%) were due to the insufficient amount of Fe particles producing imbalance carbon to catalyst ratio . The small amount of Fe catalyst was unable to decompose the excessive amount of carbon atoms and hence would be encapsulated by the carbon atoms and become inactive (Stadermann et al., 2009 ). Hence, low growth rate, big nanotubes and high amount of carbon impurities were produced.
As the catalyst concentration further increased to 6.33, 7.33 and 10.33 wt% (Figure 3(i)-(n) ), the growth rate decreases to 0.63, 0.61 and 0.33 μm min −1 , respectively. Meanwhile, the diameters of CNTs increase as the catalyst concentration increases. The low growth rate and bigger size of CNTs at high catalyst concentration range (6.33-10.33 wt%) were due to the excessive amount of ferrocene that decomposed into Fe clusters deposited on the silicon substrate. These clusters were then agglomerated and formed larger clusters hence producing bigger diameter of CNTs. Moreover, this large size clusters with low surface-to-volume ratio have weak catalytic effect and hence promoting a poor growth of VACNTs (Li et al., 2010) . The diameters, length and growth rates of the CNTs synthesised using catalyst concentration of 1.33-10.33 wt% are tabulated in Table 3 as comparison. (Table 4) . It can be seen that the D and G′ peaks are broader at low catalyst concentration of 1.33 wt% indicating higher defect in the sample. The I D /I G ratio calculated shows that the lowest I D /I G ratio of 0.39 was obtained from 5.33 wt% sample. The I D /I G ratio was found to be increased up to 0.96 and 0.89 for the respective sample with 1.33 and 10.33 wt% catalysts. The high value of I D /I G ratio indicates low crystallinity of the sample attributed to the presence of large amount of amorphous carbon and defect in the sample. The poor crystallinity CNTs produced at low catalyst concentration was due to the inadequate amount of catalyst to decompose the high amount of hydrocarbon particles. The catalytic activity of the catalysts was reduced as they were covered by thick layer of carbon atoms (Stadermann et al., 2009 ). On the other hand, at high catalyst concentration, the low crystallinity was due to low catalytic activity of the bigger size catalyst as a result of agglomeration.
The effect of synthesis time
In order to study the effect of synthesis time on the growth of VACNTs, the synthesis and vaporisation temperatures were kept constant at 800 and 570°C, respectively, while the catalyst concentration was fixed to 5.33 wt%. VACNTs were successfully synthesised at synthesis time of 60 min and the quasi-aligned CNTs were grown at other synthesis time of 5-50 and 70-90 min as shown in Figure 5 . A growth rate of 0.57 μm min −1 was recorded for the sample synthesised at 5 min but dropped to 0.46 μm min −1 for the sample synthesised at 30 min. The reduction in the growth rate with the increase in synthesis time was believed due to the secondary array grown on top of the CNTs. This secondary array was in the form of non-tubular, CNTs or mixed structure as shown in the inset of Figure 5 . The samples synthesised at 5, 80 and 90 min in Figure 5 (b), (n), and (p) showed that their secondary arrays were dominated by non-tubular structure, most likely the amorphous carbon or graphite.
As synthesis time increased to 30 min ( Figure 5(c)-(d) ), the amount of non-tubular structure deposited in secondary growth layer reduced and the amount of CNTs structure increased. These changes were then followed with the domination of CNTs structure in the secondary growth layer as the synthesis time increased to 40-70 min. The domination of amorphous carbon in the secondary array at shortest synthesis time speculated to be related with mechanism of the CNTs initial layer array that was based on the bottom growth mechanism. Here, the catalyst particles remain intact with the substrate as the capillary force did not take effect due to short synthesis time. Hence, the decomposition of hydrocarbon particles did not occur as the particles were not able to reach the catalyst due to dense and crowded initial array of CNTs (Saheed, Mohamed, & Burhanudin, 2014) .
At longest synthesis time, domination of amorphous carbon in secondary array was due to the passivation of the catalyst where the catalysts became inactive at long synthesis time hence hinders the growth of CNTs. The domination of CNTs structure in the secondary growth layer of 40-70 min samples might be catalysed by the catalyst that was brought up to a certain height by capillary force (Tawfick et al., 2013) . This was supported by the EDX analysis done on the boundary line and at a random point on boundary line of the VACNTs synthesised at 60 min as shown in Figure 5 (q)-(r) and spectrum 1 and 2, respectively. The scan was then performed on the lower part of the boundary ( Figure 5(s) ) and spectrum 3. The EDX analyses in Table 5 show the trace of Fe on the boundary line has highest weight percentage (6.84%) followed by at a random point (6.26%). Meanwhile, the Fe distribution at lower part of the boundary has negative weight percentage (−8.89%) which attributed to poor peak-to-background value. This analysis justified that the growth of secondary array was initiated by the raised catalyst. 
(Continued)
It was noted that the diameters of CNTs were affected by the synthesis time. Smallest diameters of 18.1-31.2 nm were detected from the sample synthesised at 60 min while the diameter increased as the synthesis was done below or above 60 min in the range of 19.8-84.1 nm. The diameter and the length of each layer array of the samples synthesised were tabulated in Table 6 . Thickest and cleanest morphology with fewer impurities were also obtained with synthesis time of 60 min. With smallest diameter, cleanest morphology and thickest array obtained, hence 60 min was considered as optimum synthesis time.
The micro-Raman spectra of the CNTs synthesised by various synthesis times are shown in Figure 6 . The D peaks appeared at 1,336.7.6-1,355.9 cm −1 , while the G peaks appear at 1,579.6-1,588.6 cm respectively. The G peaks were broader for the samples synthesised below and above 60 min where broader G peak indicates higher disorder (Ferrari, 2007) . The disappearance of the G′ peak was also related to the sample disorder (Schünemann et al., 2011) . The G′ peaks disappeared as the synthesis time reduced to 5 min and increased to 90 min indicating an increment in disorder of the samples. These results indicated that the sample synthesised at 60 min had lowest disorder.
This was consistent with the lowest I D /I G value of the 0.39 possessed by the sample synthesised at 60 min. As the synthesis time increased from 5 to 60 min, the I D /I G value decreased from 0.84 to 0.39 which implies an improvement in crystallinity. The I D /I G value was then increased to 0.64 as the synthesis time increased to 70 min. It showed that the crystallinity of the samples was worsened and the defect and disorder were increased for the synthesis time below and above 60 min. The presence of defects that reduced the crystallinity might be due to the catalyst poisoning in which the catalysts became inactive at longer synthesis time. Meanwhile, for shorter synthesis time, the presence of disorder related to the amorphous carbon deposited as second layer array on the CNTs. The position and width of the D, G and G′ peaks and the I D /I G ratio for synthesis times of 5-90 min are tabulated in Table 7 .
To confirm the purity of the CNTs synthesised using optimum parameters, TGA analysis was performed on the sample i.e. VACNTs synthesised using 6 ml chicken oil. Figure 7 shows a TGA and DTGA graph for the as-grown VACNTs. An initial weight loss of 0.6% was detected at a temperature of 110-250°C due to the decomposition of hydrocarbon impurities. The burning amorphous carbon that occurred from 250 to 550°C constituted approximately 5.2%. It should be noted that 18.0% of the sample weight remained after performing TGA up to 900°C. This result was mainly due to the presence of Fe and other non-volatile constituents found in the VACNTs, which was confirmed previously by EDX analysis (Figure 5 (q)-(s)). From the TGA analysis, the purity of the produced VACNTs was found to be approximately 76.2%. This value demonstrates that high-purity VACNTs can be produced from chicken fat waste-based precursor.
Carbon conversion was calculated based on the mass of collected carbon product and total carbon in the carbon precursor (Das, Dalai, Soltan Mohammadzadeh, & Adjaye, 2006) . The carbon conversion of chicken oil using optimum parameters (vaporisation temperature of 570°C, ferrocene concentration of 5.33 wt% and synthesis time of 60 min) is presented as follows: The combination of three major compound in chicken oil identified by GCMS (Suriani, Dalila, Mohamed, Isa et al., 2015) The mass of 6 ml chicken oil-ferrocene mixture is 5.507 g. Then, the mass of carbon in the chicken oil-ferrocene mixture given by:
The obtained mass of carbon products (CNTs, amorphous carbon and iron) synthesised using 6 ml chicken oil is 2.318 g. The percentage of carbon conversion is given by: Therefore, the calculated carbon conversion of chicken oil is 51.94%. The obtained value is comparable to the carbon conversion of camphor oil (61%) (Kumar & Ando, 2008) , and higher than the carbon conversion of benzene (20%), toluene (31%) and xylene (28%) obtained by Das et al. (2006) . This finding approves that the chicken fat is a potential carbon precursor to substitute the fossil-fuel precursor. , which corresponded to current densities of 1 and 10 μA cm −2 , respectively, for the sample synthesised at 30 min. Meanwhile, the sample synthesised at 60 min shows lower turn-on and threshold field of 2.66 and 3.18 V μm −1 , respectively. The maximum current density was found to be higher for this sample (213 μA cm −2 at applied field of 6.0 V μm −1
). The maximum current density of the sample synthesised at 30 min was 123 μA cm −2 at applied field of 4.8 V μm −1 before decreased to 100 μA cm −2 at applied field of 5.0 V μm −1
. The lower turn-on and threshold field as well as higher maximum current density possessed by the sample synthesised at 60 min attributed to low defects and good crystallinity of the sample which lead to better FEE performances (Krueger, 2010 ).
In addition, the sample synthesised at 30 min contained more impurities such as amorphous carbon and non-tubular carbon materials ( Figure 5(d) ). The VACNTs synthesised at 60 min look fairly clean and were entangled ( Figure 5(j) ). The entangled CNTs secure a good electrical contact all across the CNTs (Kumar, Kakamu, Okazaki, & Ando, 2004) and have better long-term stability than the straight CNTs that are easily deflected upon high-field application (Poncharal, Wang, Ugarte, & de Heer, 1999) . The HR-TEM image in Figure 8 (c) confirms that the VACNTs synthesised at 30 min has thicker layer of amorphous carbon. The tube also contains higher level of defect as indicated by the arrow. Meanwhile, the VACNTs synthesised at 60 min Figure 8 (d) has a clear graphitic layers implying good graphitisation which leads to a better FEE property (Krueger, 2010) . where J is the current density, E is the applied field and ϕ is the work function (4.8 eV for CNTs (Khazaei & Kawazoe, 2007; Martin & Schwoebel, 2007) ) and β is the field enhancement factor which can be obtained using the slope of the linear part of the F-N plot. The F-N plots of both samples are almost linear at high electric field region, in agreement with the F-N mechanism which confirms that the observed current was generated by field emitted electrons. The calculated β for the samples synthesised at 30 and 60 min was found to be 1,012 and 5,130. The obtained values for FEE by the sample synthesised at 60 min are comparable to those obtained by the CNTs synthesised using conventional (Kar et al., 2015; Lee et al., 2012; Sridhar et al., 2014) ; green (Asli, Shamsudin, Falina, et al., 2013) and waste carbon precursors Suriani et al., 2010; as well as the CNTs-metal oxide composite (Guo et al., 2013; Suriani, Safitri, et al., 2015) . The obtained results indicated that the CNTs synthesised using waste chicken fat are a good candidate for field emission application.
Conclusions
For the first time, a systematic variation in important VACNT synthesis parameters was performed utilising a TCVD system. The growth rate, diameter and crystallinity of the CNTs were shown to be dependent to all synthesis conditions varied in this study. Vaporisation temperature of carbon precursor, catalyst concentration and synthesis time was monitored. Only flake-like carbon structures were formed at lowest vaporisation temperature of 370°C, while low CNT density was observed at 420°C. Temperature window for dense VACNTs was found to exist between 470 and 570°C with an optimum quality VACNTs was observed at vaporisation temperature of 570°C. Quasi-aligned CNTs were observed at vaporisation temperature higher than optimum temperature. The catalyst concentration was found to be optimal at 5.33 wt%. Lower growth rate, density and crystallinity of VACNTs were observed above and below this concentration. VACNTs were observed between synthesis time of 5-90 min. Secondary growth arrays were also detected in all samples with domination of nontubular structures such as amorphous and graphite at shortest and longest synthesis time of 5 and (1) ln J∕E 2 = ln A 2 ∕ −B 3∕2 ∕ E
